We present the first optical sensor based on Surface Plasmon Resonance (SPR) operating in the mid-infrared range. The experimental setup is based on a Kretschmann geometry with Ti/Au layers deposited on a CaF 2 prism where light excitation is provided by a Quantum Cascade Laser (QCL) source. Evidence of SPR is presented and the sensing capability of the system is demonstrated by using CO 2 and N 2 mixtures as test samples. Due to the absorption of CO 2 at this wavelength, it is shown that the sensitivity of this configuration is five times higher than a similar SPR sensor operating in the visible range of the spectrum.
Introduction
Surface plasmon based optical sensors have attracted a great interest in the last 10 years mostly for biochemical or biomedical applications. Refractive index variations in the probed optical medium are rapidly observed with surface-plasmon-based techniques providing a high sensitivity that is hardly achieved with other optical techniques [1] .
Surface Plasmons (SP) are charge-density oscillations localized at the interface between a metallic film (active layer) and a dielectric surface [2] . Surface Plasmon Resonance (SPR) refers to the optical excitation of these charge-density oscillations. There are various methods that use different coupling devices between the incident light and the SP. The most widely used method is the Kretschmann geometry where the metallic film is coated directly on a prism [3] or on a plate held on a prism with an appropriate index matching liquid. Other coupling methods include the use of diffraction gratings [4] or optical fibers [5] , which are more complex to design and realize.
SPR is very sensitive to variations of the refractive index of the medium located next to the active layer while the refractive index of this measured medium is probed by the SP. Variations of 10 −5 RIU (Refractive Index Units) can be measured with systems operating in the visible spectrum [1] . Nevertheless, this technique gives information only on the refractive index variation of the probed medium without any selectivity on its components. On the other hand the sensor sensitivity can be enhanced by using anomalous dispersion properties [6] of the measured medium. This approach has been successfully demonstrated in ref [7] for wavelength interrogated SPR sensors. More recently, we showed in the visible range that absorption can play a direct role for angle interrogated SPR sensor [8] . In this previous work, we measured variations of concentration of food dyes solutions close to absorption at three different wavelengths in the visible range. We showed that the sensitivity was higher at a wavelength located near an absorption peak of the food dye solution.
So far, SPR has been exploited only in the visible and near-infrared spectral region due to the wide availability of optical materials and efficient light sources and detectors. Nevertheless, most of the optical absorption spectral lines associated to the vibrational frequencies of gas molecules take place in the mid-infrared portion of the optical spectrum [9] . These absorption characteristics allow to design selective gas sensors using thermoelectric, pyroelectric or photoacoustic detectors in the mid-infrared range [10] [11] [12] . These sensors are mainly based on optical transmission or absorption measurements; high sensitivity is obtained provided that the medium is probed over long optical paths or large volumes. In contrast to this, SPR technique, sampling the few hundred nanometers-thick analyte close to the sensor surface, is extremely effective when limited volumes are available or high compactness is required. The aim of this work is to extend SPR techniques to mid-IR wavelengths, thus adding to a a surface probe the sensitivity advantage of an interrogation based on optical absorption. In order to access this spectral window, we developed a SPR-based optical sensor by combining a Quantum Cascade Laser (QCL) [13] as mid-infrared light source with a metallized CaF 2 coupling prism. In this work, we present evidence that surface plasmon resonance with this mid-infrared optical setup is obtained and we address the sensing capability of the system by measuring various mixtures of carbon dioxide (CO 2 ) and nitrogen (N 2 ).
Principles and experiments
Surface plasmon resonance (SPR) is a charge density wave which takes place at the interface of two media with dielectric constants of opposite signs like, for example, a metal and a dielectric. This charge density wave is associated with a TM electromagnetic wave and whose field vector is at maximum at the interface and decays evanescently into the adjacent media. The propagation constant of this surface plasma wave is given by the following expression :
where ε m and ε d are the complex dielectric constants of the metal and the dielectric [14] . This wave can be optically excited by using a coupling prism coated with a thin metal layer (Kretschmann prism configuration), where a TM-polarized light beam is impinging on the metallized face of the prism through the prism itself under total internal reflection conditions. In order to get the coupling requirement, the horizontal component of the incident light wavevector, k x , has to match the real part of the SP wavevector, Re{K sp }, given by eq. (1). This resonance condition is obtained by using an appropriate optical coupling device, otherwise the horizontal wavevector of the incident light in free space is smaller than the real part of the SP wavevector and the resonance condition is not met [15] . At the resonance angle, a resonant transfer of energy takes place between the optical wave and the surface plasma wave. While illuminating the prism with a light beam with a certain angular distribution, the intensity profile of the reflected light shows a clear sharp dip located at the angle of resonance, as shown in Fig. 1 . The resonance linewidth strongly depends on the excitation wavelength, the metal layer structure and the refractive index of the dielectric medium surrounding this layer. These refractive index variations modify significantly the SPR conditions, varying the resonance angle value and therefore the resonance angular position. The refractive index variations are therefore inferred by the spatial displacement of the resonance peak. These features allow SPR-based devices to be used as high sensitivity optical sensors. In order to have access to the optical absorption windows of interest (fingerprints) for gas spectroscopy, SPR must be extended to the mid-infrared region of the optical spectrum. For example, if CO 2 needs to be measured, the system should be designed at a wavelength close to an absorption peak of CO 2 . For this purpose, we selected the vibrational absorption peak of CO 2 located close to 4.3 μm and we performed simulations in order to design a suitable structure able to exhibit SPR at this wavelength. . If the refractive index n varies from n 1 to n 2 , the resonance dip shifts accordingly to a new angle of resonance θ r +Δθ . PR, metallized prism; AD, angular distribution of light; IP out , intensity profile after the prism (cross-section).
Simulations
At a wavelength of 4.4 μm, transfer matrix simulations performed with a free software package [16] show a theoretical resonance angle of about θ r = 45.7 • with respect to the surface normal (Fig. 2) . The selected values for the complex dielectric constants are presented in Table 1 where the value for CaF 2 was taken from [17] and the values for Ti and Au layers were taken from [18] . We attributed a refractive index value n=1 to the measured medium in our numerical simulations. The width at half maximum is about 0.2 • , which is narrower than the width of a resonance dip obtained in the visible region for a similar configuration. For example, the calculated width of the resonance dip for a 50 nm gold layer on a glass prism at a wavelength of 633 nm is about 0.6 • [19] . As the detection area of infrared detectors is bigger than the one of detectors operating in the visible, care must be taken in order to resolve the resonance dip efficiently. 
Mid-IR optical setup description
A schematic diagram of the design of the mid-IR SPR sensor is shown in Fig. 3(a) . As mentioned before, the experimental setup was based on a Kretschmann geometry with Ti/Au thin layers directly deposited on a CaF 2 prism. This coupling device was mounted on a measurement cell where different gas specimens could be injected in and optically probed by the surface plasmon. The mid-infrared polarized source used for SP excitation was a QCL operating at 4.4 μm wavelength in pulsed regime with a duty cycle of 5%. The laser was mounted on a Peltier cooler and kept at a temperature of −20 • C. Due to the high divergence of the source, the laser beam was sent directly through the prism onto the metal-analyte interface with a 10 • angulardistribution around the predicted resonance angle (45.7 • ). This means the laser beam was not focused on the prism-metal interface as shown in Fig. 1 . In order to modify the illuminating conditions, the prism could be horizontally rotated and vertically translated. The signal intensity was rapidly decreasing after the prism and was horizontally recovered with a ZnSe cylindrical lens mounted horizontally near the exit facet of the prism (Fig. 3(b) ). At the image location, the intensity pattern was an horizontal line, which was measured by x-z step scanning with a room temperature HgCdTe detector (detection area : 1 mm 2 ) mounted on two motorized translation stages and connected to a lock-in amplifier. The polarization of the laser beam was selected by rotating the QCL source along its optical axis exploiting the intrinsic TM-polarization of the QCL intersubband transitions [20] . In order to test the sensing capability of the system, CO 2 and N 2 mixtures were used as test samples. Different CO 2 concentrations were injected in the measurement cell and the position of the resonance dip was measured accordingly. For this purpose, the measurement cell was connected to a gas mixing device designed in order to obtain mixtures of different gases whose proportions were set by partial pressure measurements.
Experimental results

Evidence of SPR phenomena
The experimental intensity patterns and profiles with air as probed medium are shown in as shown in Fig. 3(a) ). The intensity distribution obtained with TM polarization is shown in Fig. 4(a) and the intensity profile obtained along the dotted line shown in Fig. 4(a) is shown in Fig. 4(b) . The intensity pattern was slightly inclined on the left due to alignment of the optical setup. The intensity pattern shows a vertical line located at 46.1 • which is represented by a clear dip in the intensity profile. While the polarization of the excitation beam was rotated, the vertical line progressively disappeared (Fig. 4(c) and 4(d) ). When the polarization was set to TE, there was no more vertical line on the intensity pattern (Fig. 4(e) ) and the associated dip disappeared accordingly (Fig. 4(f) ). As predicted by simulations, the dip was visible only for TM polarization, which indicates that the loss of intensity located at 46.1 • on Fig. 4(a) was due to SPR. The loss of contrast between the simulations (Fig. 2 ) and the measured intensity profile (Fig. 4(a) ) is due to the finite detector size (1mm x 1mm).
Rotating and translating the prism allowed to show that the vertical line obtained in the TM polarization was not due to artefacts of the optical setup. These operations modified the illumination conditions. When the prism was horizontally rotated, the incident angle of the light impinging on the gold layer was modified. This operation did not change the value of the resonance angle (46.1 • ), but the vertical line was horizontally translated in the plane of the detector with the same direction as the rotation of the prism. When the prism was vertically translated in order to select another illuminated area of the gold layer (same incident angle), the position and the size of the vertical line remained the same. This shows that the gold layer thickness was homogeneously distributed.
Results with gas measurements
The cell holding the CaF 2 prism allowed to change the measured medium next to the Ti/Au layer structure. N 2 and CO 2 were alternatively injected into the cell before the measurements. In a first step, 2D intensity patterns were measured to ensure that they were not vertically moving due to mechanical deformations. Afterward, the intensity profiles were scanned (1 line scanning) with a total scanning time of no more than 2 minutes. The intensity profiles obtained for both gases are shown in Fig. 5 . These measurements were performed with D 1 = 4 cm and D 2 = 51 cm (see Fig.3(a) ) These measurements show an angular shift of +0.045 • with a repeatability of +0.002 • between N 2 and CO 2 . Repetability is illustrated by the green crosses, which show the N 2 measurement performed after the CO 2 measurement and the purge process.
In order to determine the sensitivity and the detection limit of this SPR-based sensor, various N 2 -CO 2 mixtures have been measured. A CO 2 test sample has been progressively diluted with N 2 in order to divide the CO 2 concentration by two at each measurement. The experimental calibration curve, shown in Fig. 6 , is obtained by measuring the position of the lower extremity of the resonance dip for each CO 2 concentration (red data). A linear interpolation of this experimental data shows a sensitivity of S = 0.0005
(black data). Variations of CO 2 below 2% cannot be clearly detected. This limitation is caused by the poor gas mixing accuracy achievable with our mixing device.
Nevertheless, these results show that the amplitude of the shift of the resonance dip is due to the variation of concentration of CO 2 in N 2 .
In order to measure the sensitivity enhancement due to absorption in the mid infrared range, the same N 2 and CO 2 measurements have been performed with a visible SPR optical sensor at a wavelength of 633 nm (Fig. 7(a) ). In this situation, a TM-polarized angular distribution of light impinging on a gold layer with a dielectric protective layer optimized for the visible range at 633 nm was reflected and measured with a CCD line camera. The prism-detector distance D 3 was 17 cm. In this configuration, the resonance angle θ r was 46.2 • and the full width at half maximum (FWHM) was 2.2 • , which was significantly wider than what is observed in the mid-infrared. According to [21] , the refractive index variation between N 2 and CO 2 for a wavelength of 633 nm at atmospheric pressure and ambient temperature is 1.36 × 10 −4 RIU. For this variation, transfer matrix simulations give a theoretical angular shift of Δθ = 0.0066 • for a SPR sensor designed at a wavelength of 633 nm where no absorption occurs. The resonance dip profiles obtained for CO 2 and N 2 with this configuration are shown in the inset of Fig. 7(a) . The more detailed view located in the dashed rectangle is shown in Fig.  7(b) . This figure allows to compare measurements performed in the visible range (brown and green curves) with the ones performed in the mid-infrared range (blue and red curves shown in Fig. 5 ). The angular shift of the measurement performed in the visible is < +0.01 • and is not clearly observable, which agree very well with the simulations performed for the visible case. Chemisorption or physisorption properties for CO 2 and N 2 at the sensor surface could explain the observed sensitivity increase. However, as shown in [22] , this can be ruled out, since no evidence for such a mechanism has been found in the case of CO 2 .
Since the angular shift is almost +0.05 • in the mid-infrared in the same configuration, a 5-time sensitivity enhancement is obtained with mid-IR SPR.
Work is in progress to increase the sensitivity by selecting a better excitation wavelength in order to fully exploit the absorption properties of CO 2 . This should be obtained with a tunable QCL source [23] able to select wavelengths around a wavelength of 4.4 μm. Scanning process will be performed faster by replacing the moving one-pixel detector with an array of IR detectors.
Conclusions
A plasmonic resonance has been successfully observed in the mid-infrared range at a wavelength of 4.4 μm. The experimental setup is based on a Kretschmann geometry with Ti/Au layers directly deposited on a CaF 2 prism. Evidence for surface plasmon resonance has been demonstrated and gas measurements have been performed in order to show that the sensitivity is higher in the mid-infrared range than in the visible. Work is in progress to implement a suitable mid-IR tunable source in order to fully benefits the absorption properties of CO 2 . This will
